Three experiments with male and female rats were conducted to examine the effects of Pavlovian extinction training on Pavlovian-to-instrumental transfer (PIT) in a task in which the unconditioned stimulus (US) was presented at an early time point within an extended conditioned stimulus (CS). Two instrumental responses were trained with different reinforcing outcomes (R1-O1, R2-O2) and then, independently, 2 stimuli were trained with those outcomes (S1-O1, S2-O2). One group then underwent an extinction treatment (S1-, S2-) and a second was merely exposed to the experimental contexts without any stimulus events. Finally, the effects of the 2 stimuli on instrumental responding were assessed in PIT tests. Across experiments we varied the number of Pavlovian training trials prior to extinction (8, 16, or 64 trials) and the length of time following extinction prior to test (i.e., 1 or 21 days, in a test for spontaneous recovery). We observed that outcomespecific PIT was reduced by extinction in all of our training conditions and that this extinction effect was durable, surviving a 3-week spontaneous recovery interval even though conditioned magazine approach spontaneously recovered over this interval. Although extinction reduced the magnitude of PIT, the temporal expression of PIT was mostly unaffected. We found these effects in both male and female rats, though in 1 study females were extinction-resistant. These data suggest that under the conditions studied here Pavlovian extinction may permanently weaken the ability of Pavlovian cues to retrieve a representation of their associated outcomes without impacting the temporal organization of responding. This suggests that different features of learning may be differentially sensitive to extinction.
There has been renewed interest in the study of extinction in Pavlovian learning in recent years. This is attributable in large part to major advances in our understanding of extinction at both psychological and neurobiological levels of analysis (e.g., Delamater, 2004; Delamater & Westbrook, 2014) . One particularly influential finding is that extinguished behaviors are often highly specific to the experimental context in which extinction took place (e.g., Bouton & Bolles, 1979; Campese & Delamater, 2013) . The common finding that conditioned responding reemerges when stimuli are tested outside of their extinction contexts has been interpreted to mean that extinction largely spares original learning but results in a temporary performance mask that may render the acquisition memory temporarily inaccessible (Bouton, 1993 (Bouton, , 2004 . Under the right conditions, however, the memory of acquisition can be retrieved and renewal of conditioned responding will be observed. This idea can also apply to a number of other extinction phenomena that similarly point to the transient nature of the extinction treatment in reducing conditioned responding (e.g., spontaneous recovery, reinstatement, rapid reacquisition, disinhibition, resurgence).
This view has become the dominant psychological approach to understanding extinction, and it has surely inspired many studies at both the psychological and neurobiological levels of analysis (e.g., Delamater, 2004; Delamater & Westbrook, 2014; Maren, Phan, & Liberzon, 2013; Quirk & Mueller, 2008) . One noteworthy set of findings in support of this general approach is that with highly specific measures of learning, Delamater (1996) and Rescorla (1996) were unable to detect any measurable effect of extinction upon the integrity of the stimulus-outcome (S-O) association formed in a Pavlovian appetitive task. Delamater (1996) used a sensory-specific Pavlovian-to-instrumental transfer task (PIT) to assess the status of learning following extinction in rats. He demonstrated that extinguished stimuli did not differ from nonextinguished stimuli in their ability to specifically energize a separately trained instrumental response that was associated with the same reinforcing outcome as that signaled by the stimulus (i.e., sensoryspecific PIT). This lack of an effect of extinction on PIT was obtained under a wide range of extinction conditions that were otherwise shown to have rather enduring deleterious effects on conditioned magazine approach responses during the PIT test sessions. One interpretation of this finding is that although an extinction treatment can produce new learning, perhaps of an inhibitory nature, the original learning is largely, if not completely, spared (see also Rescorla, 1996 Rescorla, , 2001 .
However, the claim that extinction results in absolutely no associative loss is contrary to theories of associative learning that regard acquisition and extinction as opposing processes. In the popular Rescorla-Wagner model, for instance, whereas acquisition should produce a growth of an association between conditioned and unconditioned stimuli (CS, US), extinction should, at least partially, weaken this association (Rescorla & Wagner, 1972) . It is worth noting that many of the phenomena that have traditionally been explained as supporting the memory retrieval failure view of extinction (e.g., Bouton, 1993) can also, at least in principle, be understood from the perspective of the Rescorla-Wagner model if we consider the role other stimuli (discrete or contextual) may play in protecting the association against a total erasure (Delamater & Westbrook, 2014) . Nonetheless, the findings of Delamater (1996) and Rescorla (1996) are perhaps somewhat unique in demonstrating that extinction appears to have no impact whatsoever upon the strength of the CS-US association. At the same time it should be noted that when conditioned responding does reemerge following an extinction treatment, it often does so only incompletely (e.g., Bouton & King, 1983; Rauhut, Thomas, & Ayres, 2001 ). This partial recovery of responding is consistent with the view that some associative weakening may in fact occur during extinction.
This "partial associative loss" idea has received some additional support from more recent studies showing that extinction can weaken control by sensory-specific CS-US associations in flavor preference learning and in certain PIT paradigms. Delamater (2007 Delamater ( , 2011 showed that nonreinforced exposure to a flavor cue weakened control by a specific flavor-nutrient association as revealed by reward devaluation tests. Furthermore, in a review paper Delamater (2012a) summarized the results of a previously unpublished experiment in which specific PIT was eliminated by an extinction treatment administered after a very limited amount of Pavlovian training. Another potentially important aspect of that result was that Pavlovian training consisted of extending the CS after US delivery. Either of these variables may have played a role in rendering the stimuli vulnerable to extinction.
One relevant hypothesis was introduced by Dudai and his colleagues (Bahar, Dorfman, & Dudai, 2004; Eisenberg, Kobilo, Berman, & Dudai, 2003) who suggested that "memory strength" could determine the effectiveness of an extinction treatment, by controlling whether extinction results primarily in the "reconsolidation" of the acquisition memory or the "consolidation" of new extinction learning. If limited Pavlovian training results in a relatively weak memory trace, and if extending the CS beyond the point at which the US is delivered also weakens the strength of conditioning (Ayres & Albert, 1990; Ayres, Albert, & Bombace, 1987; McNish, Betts, Brandon, & Wagner, 1997) and/or its expression (Konorski, 1948; Wagner, 1981) , then the particular parameters reported by Delamater (2012a) may have been ideal for extinguishing sensory-specific PIT. In contrast, Delamater (1996) and Rescorla (1996) failed to detect any impact of extinction on control by sensory-specific CS-US associations in procedures that entailed more substantial amounts of Pavlovian training and that would have encouraged the formation of stronger underlying memory traces. Thus, these two sets of findings are not incompatible, but they do speak to a need for clarification of the conditions under which extinction may or may not be expected to impact control by sensory-specific associations.
The present set of studies revisits this issue by first more comprehensively presenting and analyzing, as Experiment 1 here, the data that were briefly summarized by Delamater (2012a) . Then, in Experiment 2 we systematically varied the amount of Pavlovian training given prior to extinction in order to determine if this variable is important for extinction of sensory-specific PIT. Finally, Experiment 3 assessed the durability of the extinction effect we obtained in both Experiments 1 and 2 by conducting a test for spontaneous recovery.
Experiment 1
The present experiment used a sensory-specific PIT task (e.g., Kruse, Overmier, Konz, & Rokke, 1983) to explore the effects of extinction after a limited amount of Pavlovian training in the extended CS procedure. The experimental designs used in the three experiments reported here are illustrated in Figure 1 . Rats were initially trained with two separate instrumental response-outcome relations (R1-O1, R2-O2) during an instrumental training phase, and then received Pavlovian training with two separate stimulus-outcome pairs (CS1-O1, CS2-O2). These Pavlovian sessions were conducted without access to the instrumental response manipulanda, so as to preclude any direct stimulus-response learning. During Pavlovian training each CS was presented for 2 min and the appropriate US was delivered 10 sec following CS onset. This ensured that the CS extended well beyond the time of US delivery and consumption. Each CS received a total of 16 training trials across 4 training sessions. During the extinction phase, Group Extinction rats received a total of 40 extinction trials with each CS across 10 sessions, whereas Group No Extinction rats were exposed to the experimental contexts for an equal amount of time but without any stimulus presentations. Finally, rats underwent PIT testing in which instrumental responding on both manipulanda was measured in the presence and absence of the two CSs, under extinction conditions. If each CS had become associated with the specific sensory qualities of its unique US, then we would expect each CS to selectively energize responding on the lever that previously delivered the same outcome, as we, and others, have previously reported (e.g., Corbit & Balleine, 2005 Delamater, 1995 Delamater, , 1996 . Further, to the extent that animals encoded the temporal position of US occurrence within the CS (i.e., 10 sec into the CS), then this sensory-specific PIT effect would be expected to be greatest early in the CS around the time of the anticipated US delivery (Delamater & Holland, 2008; Delamater, Desouza, Rivkin, & Derman, 2014) . If extinction either weakens the CS-US association or reduces its ability to be retrieved, then we would expect to observe reductions in this sensory-specific PIT effect. Moreover, to the extent that sensory-specific PIT is temporally organized , our procedures also allow us to assess the effects of extinction on temporal control (Ohyama, Gibbon, Deich, & Balsam, 1999) .
weights varied between 385 and 656 g for the males and between 214 and 400 g for the females at the beginning of the experiment. The rats were individually housed in wire mesh cages in a colony room that was on a 14 hr light/10 hr dark cycle, and they were maintained at 85% of their free feeding body weights by daily supplemental feedings (given following the final experimental session of the day). Subjects were run in the experiment during the light phase of their light/dark cycle.
Apparatus. The same apparatus was used as reported in Delamater and Holland (2008) . It consisted of two sets of eight identical standard conditioning chambers, each of which was housed in a sound-and light-resistant shell. The conditioning chambers measured 30.5 cm ϫ 24.0 cm ϫ 25.0 cm. Two end walls were constructed of aluminum, and the sidewalls and ceiling were made from clear Plexiglas. The floor consisted of 0.60-cm diameter stainless steel rods spaced 2.0 cm apart. In the center of one end wall 1.2 cm above the grid floor was a recessed food magazine measuring 3.0 ϫ 3.6 ϫ 2.0 cm (length ϫ width ϫ depth). Two 45-mg pellets (TestDiet, MLab rodent pellets) were dropped into the magazine when this US was scheduled. A 0.1 ml droplet of a 20% sucrose solution (wt/vol) was delivered through a gravityfeed valve (ASCO Red-Hat valve) directly into a well located in the food magazine when this US was scheduled. On the inner walls of the recessed magazine were an infrared detector and emitter enabling the automatic recording of head movements inside the magazine. These were located 0.9 cm above the magazine floor and 0.8 cm recessed from the front wall. Located 3.0 cm to the right of the magazine and 8.0 cm above the floor was a lever (4 cm in width). This lever protruded into the chamber at all times, but was covered with a sheet metal covering during magazine training, Pavlovian training, and instrumental training with the chain pull response. Located approximately 3 cm to the left of the magazine and about 3 cm away from the front wall was a chain suspended through the ceiling from a microswitch mounted on the outer part of the ceiling. This chain was withdrawn from the chamber during magazine training, Pavlovian training, and instrumental training with the lever-press response. A 6-W light bulb was mounted on the bottom of the sidewall of the outer chamber, below and behind the rear wall of the conditioning chamber. When activated, this light bulb flashed with approximately equal on-off pulse durations at a frequency of approximately 2/s. A speaker was mounted 22 cm behind the front wall of the conditioning chamber (where the food magazine was located), and was used to present a white noise stimulus (produced by a Grason-Stadler white noise generator). The white noise measured 12 dB above a background level of 78 dB (C weighting). The chamber was dark except when the visual stimulus was presented. A fan attached to the outer shell provided cross-ventilation within the shell as well as background noise. All experimental events were controlled and recorded automatically by a Pentium-based PC and interfacing equipment (Alpha Products) located in the same room.
Procedure. The rats were initially magazine trained with pellet and liquid sucrose USs. On each of two days, one magazine training session with one US was followed immediately by a second session with the other US. The order was counterbalanced across days. In each session, 20 USs of one kind were delivered according to a variable time 60-sec schedule. Sucrose (0.1 ml of a 20% solution) and pellets (two 45 mg Test Diet pellets) USs were delivered to the same food magazine.
Instrumental training. All rats were then trained with continuous reinforcement schedules first to press the lever for one outcome and then to pull the chain for the other outcome. This training was terminated after each animal reached the criterion of 50 consecutive Figure 1 . Experimental Designs used in Experiments 1-3. R1 and R2 refer to different instrumental responses, O1 and O2 to different reinforcing outcomes, CS1 and CS2 to different conditioned stimuli, and US1 and US2 to the different reinforcing outcomes also used during instrumental training. This document is copyrighted by the American Psychological Association or one of its allied publishers.
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reinforced responses. The specific response-outcome contingencies were counterbalanced across animals. Instrumental training continued for seven 20-min sessions with variable-interval (VI) schedules of reinforcement. A VI 10 sec schedule was used in the first three sessions, a VI 30 sec schedule for the next two sessions, and a VI 60 sec schedule for the final two sessions. The rats were given two 20-min sessions per day, one with the lever and one with the chain (sessions were separated by approximately 30 min). Only one manipulandum was present in a session, and the order of training with lever and chain was balanced across days. Pavlovian conditioning. Over the next 4 days, all rats received Pavlovian conditioning with both Flash (F) and Noise (N) stimuli. The chain and lever manipulanda were unavailable during these sessions. These conditioning sessions were 73 min long and included four reinforced presentations of each CS. These stimuli were presented for 120 sec and the US was delivered 10 sec following CS onset. Thus, the CS-US interval was always 10 sec and occurred early within the CS presentation. Different pseudorandomly generated trial sequences were used in each session and the average intertrial interval (ITI) was 7 min (ranging from 4 -10). The animals were removed from their chambers 60 sec after the final trial. The specific CS-US combinations (e.g., N-pellet, F-sucrose or N-sucrose, F-pellet) were counterbalanced across animals and were orthogonal to the earlier instrumental responseoutcome counterbalancing.
Pavlovian extinction. The animals were assigned to two groups during this phase of the experiment, by matching levels of conditioned magazine approach responding during Pavlovian training. In addition, care was taken to ensure that an equal number of males and females were assigned to each group. Animals assigned to Group Extinction were given 10 additional sessions with parameters similar to those used during Pavlovian conditioning; however, neither sucrose nor pellet USs were presented during these sessions. Animals assigned to Group No Extinction were exposed to the experimental contexts for the same number of sessions as the extinction group, but neither CSs nor USs were presented in these sessions. Thus, at the end of this phase of the experiment all subjects had been given 16 CS-US pairings followed by either 40 CS extinction trials or an equivalent amount of context only exposure.
Pavlovian-to-instrumental transfer tests. Two Pavlovian-toinstrumental transfer tests were conducted. Rats were given instrumental retraining sessions for each response (VI 60 sec schedule) on the day preceding each test. In each of the two transfer test sessions both the lever and chain were concurrently available during the entire session, but no reinforcements could be earned. The test sessions lasted for 40 min, and consisted of an initial 8 min extinction period during which no stimuli were presented. This was designed to familiarize the animals with the choice procedure as well as to lower the overall rates of instrumental responding prior to tests with the CSs. Then there were alternating 2 min periods of stimulus off and stimulus on, for a total of 4 presentations of each stimulus. The sequence used on Test 1 was FNNFNFFN, and its inverse was used on Test 2.
Statistical analysis. The data were analyzed using analysis of variance (ANOVA) techniques recommended by Rodger (1974 Rodger ( , 1975 . The appendix in Delamater, Derman, and Harris (2017) provides a more detailed description of these methods, but, briefly, they entail reconceptualizing factorial designs (e.g., with I and J factors) in terms of a one-way design (e.g., with I ϫ J levels). Given a significant overall difference among the conditions, experimentally interesting interactions are revealed through post hoc analysis (Rodger, 1974) . A set of 1 linearly independent and mutually orthogonal post hoc contrasts are selected and evaluated with nonzero values given to rejected contrasts and a value of 0 given to those contrasts not rejected. From these statistical decisions the quantitatively precise relations between the implied population means can be deduced using Rodger's implication formula (Rodger, 1974) . This treatment of the data allows the user to specify with quantitative precision the effect sizes among all data points in units (in a manner that is analogous to, but more general than, Cohen's d). A difference of 1 unit, for instance, represents a large effect size. In addition, the method also entails computing an estimate of the overall amount of variation among the true population means justified by the overall ANOVA. Perlman and Rasmussen (1975) proposed a uniformly minimum variance unbiased estimator of the amount of noncentrality that exists in the F distribution when differences exist in the populations being evaluated. The value of this estimator, ⌬, is calculated, as well, to give the reader an impression of the overall effect size in the omnibus ANOVA. When there is no basis for rejecting the overall null hypothesis ⌬ ϭ 0, but increasing differences among the populations result in larger values of ⌬.
This method was chosen over others because of its theoretical completeness and quantitative precision in analyzing data and because of the lack of any ambiguity regarding statistical decisions justified by the data. Moreover, this method is presently the most powerful available ANOVA technique at detecting true effects (see also Rodger & Roberts, 2013) . The sample sizes used here (n ϭ 16) were chosen to ensure that moderately sized effects would be detected with a power level of at least 0.95. The expected rate of rejecting true null contrasts, E␣, was set to 0.05. All of the statistical techniques used here can be performed with a publically available software package, Simple Powerful Statistics (see also Roberts, 2011) , downloadable from the following website: https:// sites.google.com/site/spsprogram/home.
Results
One subject from Group Extinction died during the experiment, prior to the test phase and so this subjects' Pavlovian and instrumental acquisition data has been excluded. Instrumental training proceeded uneventfully, although at the end of training the average rate of responding for pellets was higher than for sucrose (Ms ϭ 16.4 and 5.5 responses per minute, respectively).
Pavlovian acquisition and extinction. Magazine entry responding was recorded during the 60-sec pre-CS periods and was subtracted from the first 10 sec of the CSs (just prior to US delivery) to generate an elevation score. The acquisition and extinction data for Groups Extinction (squares) and No Extinction (circles) are shown in Figure 2 . The data were combined across stimuli (F and N) and sex, as there were no systematic differences in these variables with the group factor. In both groups, magazine entries increased over the 4 days of acquisition. In Group Extinction magazine responding steadily decreased over the 10 days of extinction, whereas Group No Extinction showed low unchanging levels of magazine responding throughout the context exposure phase.
(Note that responding in Group No Extinction is shown as
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a difference between dummy CS and pre-CS periods matching time periods in Group Extinction). Pre-CS responding decreased slightly from Day 1 to 4 of acquisition (Day 1: mean magazine responses per min (rpm) ϭ 6.4 and 5.2 for Groups Extinction and No Extinction, respectively; Day 4: rpm ϭ 2.2 and 2.8). There were no between-groups differences in pre-CS responses throughout training and extinction and by the end of extinction, pre-CS responding was less than 2 rpm in both groups. To assess changes in responding across acquisition and extinction, separate repeated measures ANOVAs were performed on the data across the 4 days of acquisition and 10 days of extinction, and these were based on a pooled error estimate (MSE ϭ 12.861). These analyses revealed differences in Group Extinction, F(13, 377) ϭ 19.49, ⌬ ϭ 239.0, and in Group No Extinction, F(13, 377) ϭ 28.59, ⌬ ϭ 356.7. Post hoc analyses revealed that responding increased equivalently in both groups during the acquisition phase, but that only Group Extinction subjects steadily decreased responding across the extinction phase, whereas responding in Group No Extinction was low and unchanging across their context exposure phase.
Pavlovian to instrumental transfer. The data of most interest came from the PIT tests (see Figure 3 ). The data have been collapsed across both tests (1, 2), sexes (male, female), and stimuli (F, N), because these factors did not interact with the critical variables of interest. The data are displayed in Figure 3 separately for the instrumental response that had previously been reinforced with the same (solid symbols) or different outcome (empty symbols) as that signaled by the CS. Responding is shown in five 24-sec within-CS intervals. In addition, the data are expressed as an elevation score with pre-CS responding subtracted from re- This article is intended solely for the personal use of the individual user and is not to be disseminated broadly.
sponding during the CS. Responding in the pre-CS periods did not differ between groups (2.5 Ϯ 0.4 and 3.2 Ϯ 0.5 rpm Ϯ SEM in Groups Extinction and No Extinction, respectively). In Group No Extinction ( Figure 3A ), rats displayed a clear preference for the response associated with the same outcome as that signaled by the CS. This effect is demonstrated by (a) an elevation in the response previously reinforced with the same outcome as that signaled by the CS, and (b) a selective depression in the response previously rewarded with a different outcome to that paired with the CS. However, in Group Extinction ( Figure  3C ), rats displayed no clear preference for either response, and responding was only slightly elevated, at times, above pre-CS levels.
These data were analyzed with separate repeated measures ANOVAs performed on each group using a pooled error estimate, as well as an overall between-groups main effect test. This analysis only revealed differences in responding on the same versus different levers in Group No Extinction, F(9, 261) ϭ 5.05, MSE ϭ 2.254, ⌬ ϭ 36.1 ( Figure 3B ). Subsequent post hoc tests were then conducted to examine the differences in responding across time within the CS in Group No Extinction. The positions of the true population means implied by this statistical analysis are indicated in Figure 3B . This analysis confirms that more responding occurred on the response reinforced with the same than a different outcome as that signaled by the CS, and this effect was stable throughout the stimulus presentation. The magnitude of the effect is large (approximately 1 unit at most intervals).
In addition to instrumental responding, we also analyzed magazine entries during PIT testing (see Figure 4) . These data are presented in Figure 4 separately for each group. Magazine responding in both groups during the CS was clearly strongest early in the CS and dropped off dramatically in subsequent intervals. As expected, subjects in Group No Extinction entered the magazine more frequently than subjects in Group Extinction during CS presentations. These data were analyzed by performing separate between Group ANOVAs at each level of the interval factor (based on a pooled error estimate [MSE ϭ 2.42] using Satterthwaite's correction for the error degrees of freedom, Satterthwaite, 1946) , together with an overall interval main effect test. This analysis revealed that Group No Extinction entered the magazine during CS presentations more frequently than did Group Extinction in the first two within-CS intervals, F(1, 132) ϭ 11.68, ⌬ ϭ 10.5, and F(1, 132) ϭ 6.64, ⌬ ϭ 5.5, respectively. Moreover, a main effect test of intervals revealed that magazine responding differed over the 5 within-CS intervals, F(4, 116) ϭ 22.74, MSE ϭ 2.03, ⌬ ϭ 85.4. Post hoc analyses of these data implied the relative positions of the true population means as depicted in Figure 4B and confirmed the impressions reached above. Once again, the effect sizes deduced from this statistical analysis are large (greater than 1 unit in the first time bin). Pre-CS magazine response levels did not differ between the groups (Group No Extinction ϭ 4.0 rpm Ϯ 0.76, Group Extinction ϭ 3.4 rpm Ϯ 0.48).
Discussion
The results of this experiment revealed a clear extinction effect on sensory-specific PIT, as well as on magazine CRs expressed during the PIT tests. This extinction effect on PIT is, to our knowledge, the first demonstration that sensory-specific PIT can be weakened by an extinction procedure (cf., Delamater, 1996; Rescorla, 1996) . Two aspects of our training procedures may have especially encouraged sensitivity to extinction. First, extinction was conducted after a relatively brief training period-only 16 Pavlovian training trials, and, second, we used a training procedure in which the CS was extended well beyond the point at which the US was delivered. As other authors have noted, either of these variables could result in the formation of a relatively weak (e.g., Ayres & Albert, 1990; Ayres et al., 1987; McNish et al., 1997) or unstable (e.g., Konorski, 1948; Wagner, 1981) associative memory. According to Dudai and his colleagues (Bahar et al., 2004; Eisenberg et al., 2003) the overall strength of an associative memory could be an important variable in determining what mechanisms will be engaged by extinction, with extinction processes playing a more prominent role when the acquisition memory is relatively weak.
Experiment 2
To more fully explore this memory strength idea and to obtain more empirical information regarding the extinction effect observed in Experiment 1, we manipulated the amount of Pavlovian training given prior to extinction in the present experiment. As noted above, it seems possible that the degree of associative encoding is an important determinant of the effects of extinction. This document is copyrighted by the American Psychological Association or one of its allied publishers.
By varying the amount of Pavlovian training prior to extinction, we assume that stronger associative memories are established with greater amounts of training. If extinction results in some associative weakening (or retrieval impairments), then perhaps that weakening (or retrieval impairments) would be more difficult to observe when the stimuli are trained to near asymptotic levels prior to the extinction treatment (e.g., Spence, Rutledge, & Talbott, 1963) . Thus, we would expect an extensively trained group to be less sensitive to extinction than less extensively trained groups. In contrast, if the extended CS procedure used in Experiment 1 is itself critical for obtaining an extinction effect, then the amount of training could be inconsequential. In either case, it would be valuable to assess the effects of different levels of Pavlovian training upon sensitivity to extinction in the sensory-specific PIT task studied in Experiment 1. In the present study, different sets of groups received 8, 16, or 64 Pavlovian training trials with the extended CS procedure prior to extinction. One subgroup at each training level then underwent extinction (40 trials) and the other subgroup served as a context exposure control. All groups were then given PIT tests as in Experiment 1.
Method
Subjects. Subjects were 96 experimentally naïve male (49) and female (47) Long-Evans rats bred at Brooklyn College, but derived from Charles River laboratories. The free feeding body weights varied between 327 and 649 g for the males and between 220 and 343 g for the females at the beginning of the experiment. The rats were housed in plastic tub cages in groups of between 2 and 4 rats per cage in a colony room that was on a 14 hr light/10 hr dark cycle, and they were maintained at 85% of their free feeding body weights by daily supplemental feedings (given following the final experimental session of the day). Subjects were run in the experiment during the light phase of their light/dark cycle. The experiment was run in two replications with an N ϭ 32 in the first replication and N ϭ 64 in the second replication.
Apparatus. The same apparatus was used as in Experiment 1. However, the chain manipulandum was replaced with a second lever that was positioned symmetrically on the opposite side of the magazine on the front wall of the chamber. Access to this lever could also be prevented by an additional sheet metal covering when not in use.
Procedure. The procedures were identical to those in Experiment 1, except as noted below. There were 8 days of instrumental training with 2 days of VI 10, followed by 2 days of VI 30, and then 4 days of VI 60. In the present experiment three separate sets of rats were given a total of 8, 16, or 64 Pavlovian training trials with each CS over 2, 4, or 16 training sessions. These sessions were staggered such that all groups of rats completed the Pavlovian acquisition phase on the same day. Then, half of the rats in each of these sets received 10 days of extinction (Groups Extinction), whereas the other half of each set received an equivalent amount of context exposure (Groups No Extinction). Following extinction or context exposure all groups were then given four PIT tests, with a single day of instrumental retraining prior to each test following the same procedures in Experiment 1. There were a total of 6 groups (n ϭ 16/group) where the amount of training was factorially combined with the extinction manipulation. All groups had an equal number of males and females except for Group 8 No Extinction that had 9 male and 7 female rats.
Results
All animals successfully learned to press the two levers. There were no differences among the six groups in overall lever responding throughout training. On the final day of instrumental training an ANOVA revealed no reliable differences (p Ͼ .05). The Pavlovian training and extinction data are presented in Figure 5 for the six groups. There were no differences among the to be extinguished and nonextinguished groups throughout acquisition. In addition, as expected, animals given 64 training trials (over 16 days) achieved higher levels of magazine approach responding than groups given 8 or 16 training trials (over 2 and 4 days, respectively). An ANOVA performed on the final acquisition day revealed group differences, F(5, 90) ϭ 7.50, MSE ϭ 112.785, ⌬ ϭ 31.7, and post hoc tests showed that the two groups given 64 training trials responded equivalently and at higher levels than the other groups that did not differ. Pre CS magazine responding on the final acquisition day did not differ among the groups (p Ͼ .05) and ranged between 4.8 (Ϯ0.65) and 7.1 (Ϯ0.61) rpm. These differences in CS responding persisted throughout much of the extinction phase, but eventually disappeared by Day 10.
The primary data of interest came from the PIT tests and are presented in Figure 6 in the same manner as in Figure 3 above. Data from the nonextinguished groups is presented in the left column (panels A, C, and E), whereas the extinguished groups' data is in the right column (panels B, D, and F). Further, the data from the groups trained with 8, 16, or 64 CS-US pairings prior to the extinction phase are presented, respectively, in the top (A, B), middle (C, D), or bottom (E, F) rows. All three nonextinguished groups displayed strong sensory-specific PIT effects, but unlike in Experiment 1 this effect was most pronounced early in the CS around the time of anticipated US delivery in the groups given more than 8 training trials. The nonextinguished group trained with 8 training trials displayed sensory-specific PIT that was uniform across the entire CS, an effect seen in Experiment 1 and also in other research in this lab (e.g., . The important new finding in this study is that all three extinguished groups displayed diminished sensory-specific PIT effects regard- This article is intended solely for the personal use of the individual user and is not to be disseminated broadly.
less of the degree of prior training ( Figure 6 , left v right columns).
In groups trained with 8 trials, nonextinguished animals displayed a preference for responding for the same over different outcome as that signaled by the CS and this effect was uniform across the cue presentation. Extinguished animals, however, showed a reduced preference at several time points across the CS. In groups trained with 16 and 64 trials, extinction diminished selective PIT across the entire CS, but especially in later intervals. These data were analyzed, as in Experiment 1, by performing separate one-way repeated measure ANOVAs on each group using a pooled error estimate (MSE ϭ 0.670), and following these with Rodgerian post hoc tests when these tests achieved statistical significance. In addition, a main effect test of the Group factor (with 6 levels) determined whether there were differences in responding overall collapsing across the interval and response type factors. Rodger's implication formula was then used with Perlman and Rasmussen's noncentrality formula to imply the exact quantitative interrelationships among the population means (expressed in units) for each of the 10 levels within each group, together with the magnitude of the ⌬ scores for each condition. The results of this analysis are presented in Figure 7 . There were no overall differences in responding across the groups. However, each group displayed a reliable difference among the 10 levels of responding (5 same and 5 different) as follows: Group 8, No Extinction [F(9, 810) This article is intended solely for the personal use of the individual user and is not to be disseminated broadly.
the same and different responses, post hoc analyses revealed that the three extinguished groups displayed attenuated sensoryspecific PIT effects across the CS. This is revealed by the facts that the implied true means for "same" and "different" responses, themselves, differ by a greater extent at more points across the CS in the nonextinguished groups, and that the overall ⌬ estimates are all greater in the nonextinguished groups than in their extinguished counterparts. An additional analysis was performed on the pre-CS instrumental response data. Pre-CS responding in nonextinguished groups was numerically higher than in extinguished groups but only by a relatively small amount. The mean levels, respectively, were 2.7 rpm (Ϯ0.26) and 2.0 rpm (Ϯ0.21) for the groups given 8 Pavlovian training trials, 3.1 rpm (Ϯ0.29) and 2.6 rpm (Ϯ0.25) for the groups given 16 training trials, and 2.7 rpm (Ϯ0.34) and 2.2 rpm (Ϯ0.28) for the groups given 64 training trials. An ANOVA performed on these data revealed an overall small difference among the six groups, F(5, 90) ϭ 2.22, MSE ϭ 1.202, ⌬ ϭ 5.9, and post hoc tests revealed differences between nonextinguished and extinguished groups given 8 or 16, but not 64 training trials.
A further examination of the PIT data by sex revealed that, unlike in Experiment 1 where no sex differences were found, here females were more resistant to the effect of extinction on PIT than males (see Figure 8 ). This was true at each level of training, so the data were collapsed across this factor. Figure 8 shows the PIT data separately for nonextinguished and extinguished males and females (Figure 8 , left column). It is clear from these data that extinguished males showed a diminished sensory-specific PIT effect (panels A vs. B), whereas the extinguished females did not (panels C vs. D). The data were analyzed as described above using a pooled error estimate Figure 7 . Implied population means expressed in units for the data from Experiment 2 analyzed in Figure  6 . These statistically implied means and each group's noncentrality estimate (⌬) are displayed as in Figure 3 . This document is copyrighted by the American Psychological Association or one of its allied publishers.
(MSE ϭ 0.671), and this revealed significant repeated measures effects in each group: nonextinguished males, F(9, 828) ϭ 14.05, ⌬ ϭ 117.1, extinguished males, F(9, 828) ϭ 4.05, ⌬ ϭ 27.4, nonextinguished females, F(9, 828) ϭ 7.24, ⌬ ϭ 56.0, extinguished females, F(9, 828) ϭ 10.22, ⌬ ϭ 82.7. The main effect of group was not significant showing that all groups displayed equivalent overall levels of responding relative to baseline. Post hoc analyses confirmed that the magnitude of the sensory-specific PIT effect was greatly attenuated in extinguished males compared to nonextinguished males, but the effect seen in extinguished females differed little from nonextinguished females (see Figure 9 ). An additional analysis was performed on pre-CS response rates for the data just presented. Male and female subjects both showed somewhat lower pre-CS response rates when they had undergone extinction (2.1 rpm [Ϯ0.25 [for males and 2.4 rpm [Ϯ0.20] for females) than when they had not (2.7 rpm [Ϯ0.25] for males and 3.1 rpm [Ϯ0.23] for females). An ANOVA performed on the data broken down in this manner revealed a significant difference between these four groups, F(3, 92) ϭ 3.03, MSE ϭ 1.203, ⌬ ϭ 5.9, and post hoc tests revealed that responding in nonextinguished groups was greater than in extinguished groups to an equivalent degree for male and female rats.
The magazine approach data from the PIT tests were also examined. There were no sex differences on this response measure, so the data have been collapsed over this factor. Magazine responding fell to very low levels in PIT Tests 3 and 4, so the data have been averaged over Tests 1 and 2 and these are shown in Figure 10 separately for the six groups (panels A, C, and E). It is clear from these data that more magazine responding occurred in the nonextinguished than extinguished groups, especially early in the CS, and that groups given more Pavlovian training prior to the test responded at progressively higher levels. These data were analyzed by conducting between Group ANOVAs (with 6 levels) at each within CS interval. These tests used a pooled error term (MSE ϭ 5.963 based on Satterthwaite's degrees of freedom correction). Significant differences were seen during interval 1, F(5, 335) ϭ 55.45, ⌬ ϭ 270.6, and interval 2, F(5, 335) ϭ 4.02, ⌬ ϭ 15.0. In addition, the main effect of Interval was also significant, F(4, 360) ϭ 143.23, MSE ϭ 4.208, ⌬ ϭ 565.7. Post hoc analyses applied to these results implied the pattern of true population means depicted on the right side of Figure 10 (panels B, D, F) . This analysis confirms that the extinguished groups displayed lower levels of magazine responses during these PIT tests, and that magazine responding systematically increased with the number of Pavlovian training trials given prior to extinction.
Pre-CS magazine responding was variable across the 6 training groups and an overall ANOVA revealed no significant between group differences, F(5, 90) ϭ 1.40, MSE ϭ 6.715, p Ͼ .05. The mean magazine response rate for nonextinguished and extinguished groups, respectively, were 5.3 (Ϯ0.53) and 4.3 (Ϯ0.53) for groups given 8 training trials, 5.8 (Ϯ0.44) and 5.7 (Ϯ0.55) for groups given 16 training trials, and 6.3 (Ϯ1.09) and 4.6 (Ϯ0.52) for groups given 64 training trials. This article is intended solely for the personal use of the individual user and is not to be disseminated broadly.
Discussion
The results of the present study, once again, revealed that extinction attenuated sensory-specific PIT using the early US, extended CS procedure. In addition, this study showed an unexpected resistance to extinction in female rats. The present study also revealed a reliable reduction in pre-CS instrumental responding in extinguished relative to nonextinguished rats. A similar pattern was also observed in Experiment 1, although the effect was nonsignificant in that study and it was only significant in the present experiment in rats given 8 or 16 but not 64 training trials. It is unlikely that the small difference observed in pre-CS instrumental responding contributed greatly to the PIT results we observed here for several reasons. First, the magnitude of the difference in pre-CS instrumental responding was very small and, as a result, it would be difficult to argue that instrumental responding is at drastically different levels of the response scale that would otherwise complicate interpretation of our findings. Second, the groups given 64 training trials failed to show a significant difference in pre-CS instrumental responding yet these animals displayed reduced sensory-specific PIT if they were extinguished. Third, extinguished female and male subjects alike showed somewhat lower instrumental responding than their nonextinguished counterparts; however, only male rats in this study were sensitive to extinction. Thus, somewhat lower pre-CS rates are not sufficient to produce diminished sensory-specific PIT. Finally, the magazine CR results showed systematic differences in extinguished and nonextinguished animals given different amounts of Pavlovian training. This shows that our training procedures were effective at generating different levels of Pavlovian conditioning prior to the introduction of extinction and that extinction was effective at each level.
The fact that female rats were resistant to extinction in terms of sensory-specific PIT, but not magazine CRs, whereas extinction weakened both of these performance measures in males is worth some additional comment. We are not aware of any other reports in the literature of such effects in an appetitive task; however, there have been reports in the fear conditioning literature demonstrating resistance to extinction in females during phases of the estrous cycle when estrogens and progesterone are low (Milad, Igoe, Lebron-Milad, & Novales, 2009) . Although the purpose of the present study was not to examine sex differences per se, the finding is an intriguing one and may yield additional interesting discoveries. However, since we did not observe this result in Experiment 1 (or 3 to follow) and we also did not take any specific measures to monitor or control female rats' estrus cycles, we must remain cautious in interpreting this finding.
The main result in the present study is that with the early US, extended CS procedure sensory-specific PIT is sensitive to extinction after brief, intermediate, and extensive amounts of Pavlovian training. This result does not entirely fit with the notion that memory strength affects the sensitivity of a stimulus to extinction (e.g., Bahar et al., 2004; Eisenberg et al., 2003) as rats trained extensively showed a similar loss in PIT to rats Figure 9 . Implied population means in units for the data analyzed from Experiment 2 and depicted in Figure  8 . These statistically implied means and each groups noncentrality parameter estimate (⌬) are displayed as in Figure 7 . This document is copyrighted by the American Psychological Association or one of its allied publishers.
trained with an intermediate level. However, it may be argued that our specific training procedure could have discouraged an especially strong associative memory from being formed even after as many as 64 training trials. As others have noted, extending the CS beyond the US may effectively weaken the strength or stability of the underlying associative memory (e.g., Ayres & Albert, 1990; Ayres et al., 1987; Konorski, 1948; McNish et al., 1997; Wagner, 1981) . In this way, one might be careful in not dismissing prematurely the view that "memory strength" can affect the degree to which a stimulus might be susceptible to extinction. This issue will be taken up again in the General Discussion. Regardless of the status of this specific hypothesis, though, the present study very consistently revealed that extinction attenuated sensory-specific PIT, and that such an effect could be observed after a fairly extensive amount of training. These findings increase the generality of our findings from Experiment 1 and suggest that that minimal training alone in that study was not responsible for producing the effect.
Another important empirical question regarding this extinction effect concerns its durability. Experiment 3 takes up this issue.
Experiment 3
In Experiment 3 we explored the durability of the extinction effects seen in the earlier studies with the extended CS procedure by determining whether any lost sensory-specific PIT may spontaneously recover over a retention interval interposed between extinction and testing. In this study, two sets of groups were given 16 Pavlovian training trials prior to 40 extinction trials (or context exposure), but one set was then tested starting the day following extinction whereas the other set was tested after a 3-week delay. If spontaneous recovery of the weakened sensory-specific PIT effect occurs over this delay interval, we expect to see normal sensory-specific PIT in the extinguished group tested after the delay. However, spontaneous recovery This article is intended solely for the personal use of the individual user and is not to be disseminated broadly.
may fail to occur if extinction has a more durable effect on underlying learning.
Method
Subjects. Subjects were 64 experimentally naïve male (31) and female (33) Long-Evans rats bred at Brooklyn College, but derived from Charles River laboratories. Housing conditions were the same as in Experiment 2. The free feeding body weights varied between 356 and 619 g for the males and between 221 and 336 g for the females at the beginning of the experiment. The rats were maintained at 85% of their free feeding body weights as in Experiment 2. Subjects were run in the experiment during the light phase of their light/dark cycle. The experiment was run in two replications with an N ϭ 32 in each replication.
Apparatus. The same apparatus was used as in Experiment 2. Procedure. The procedures were identical to those in Experiments 1 and 2, except as noted below. In the present experiment all rats were initially given 16 Pavlovian training trials with each CS over 4 training sessions (4 trials of each CS per day). Then, half of the rats received 10 days of extinction (Groups Extinction), whereas the other half received an equivalent amount of context exposure (Groups No Extinction). Following extinction or context exposure one set of groups was given two PIT tests (each preceded by an instrumental retraining session) beginning on the day immediately following the extinction phase. A second set was given these PIT Tests 21 days following the extinction phase. The rats were maintained on their food restriction regime and handled daily during this 3-week period. Thus, there were a total of 4 groups (n ϭ 16/group) in this experiment where the delay following the extinction phase (Immediate vs. Delay) was factorially combined with the extinction manipulation (Extinction vs. No Extinction). There were an equal number of males and females in each group except for Group Extinction, Immediate which had 9 females and 7 males. All groups were trained in such a way that they were tested on the same days.
Results
There were no differences in the present study as a function of replication or sex, so all the data have been collapsed across these factors. The data from instrumental and Pavlovian training proceeded mostly as expected, although the overall level of instrumental responding differed somewhat among the 4 groups on the final day of instrumental training, The data of primary interest came from the PIT tests and are presented (collapsed across the two tests) in Figure 11 . The two nonextinguished groups (left column) displayed sensoryspecific PIT effects that were largest during the early portions of the CS, when the USs would normally occur. The magnitude of this effect was slightly reduced when nonextinguished animals were tested after a 3-week delay ( Figure 11A vs. C) . Most critically, the two groups given extinction displayed reduced sensory-specific PIT effects, and this was equally true for animals tested immediately following extinction and those tested after a 3-week delay ( Figure 11B and D) . In other words, there was no evidence for spontaneous recovery of sensoryspecific PIT in these animals.
The data were statistically analyzed with repeated measures ANOVAs on each group, using a pooled error term (MSE ϭ 1.095), in addition to a between group main effect test (with 4 levels). Overall, the 4 groups responded at similar levels. Each group displayed differences across the 10 levels of within CS same and different responding: Group No ExtinctionImmediate, F(9, 540) ϭ 11.48, ⌬ ϭ 94.0, Group ExtinctionImmediate, F(9, 540) ϭ 3.00, ⌬ ϭ 17.9, Group No ExtinctionDelay, F(9, 540) ϭ 4.92, ⌬ ϭ 35.1, Group Extinction-Delay, F(9, 540) ϭ 1.98, ⌬ ϭ 8.8. Further post hoc evaluation of these differences and use of Rodger's implication formula resulted in the patterns of implied means for each condition depicted in Figure 12 . It is clear from this statistical analysis that the largest sensory-specific PIT effects were obtained in the two nonextinguished groups ( Figure 12A and C) relative to their extinguished counterparts ( Figure 12B and D) , that the magnitude of the sensory-specific PIT effect in nonextinguished animals was slightly reduced after delayed relative to immediate testing, but that delayed testing did not result in any substantial spontaneous recovery of sensory-specific PIT. These effects can be clearly seen by comparing the ⌬ values in each group, as well as by examining the magnitude of the differences among the implied means within and across groups.
Analysis of pre-CS instrumental responding during the PIT tests again revealed that extinguished subjects responded less than nonextinguished animals. However, this effect was more obviously observed in animals tested immediately following extinction (Ms ϭ 4.1 [Ϯ0.35] and 2.6 [Ϯ0.27] for nonextinguished and extinguished rats in the immediate groups, and Ms ϭ 3.8 [Ϯ0.37] and 3.2 [Ϯ0.35] for the delay groups). An ANOVA revealed differences among the groups, F(3, 60) ϭ 4.01, MSE ϭ 1.816, ⌬ ϭ 8.6, and post hoc tests showed that extinguished animals responded reliably less than nonextinguished animals when tested immediately following the extinction phase, but not when tested after a delay. It is unlikely that the pre-CS instrumental response rate difference contributed to the obtained PIT results, however, since the same general pattern of results were obtained in groups tested immediately following extinction or after a delay.
In addition to the instrumental response data during these PIT sessions, magazine responding was also collected. These data are presented in Figure 13 . Magazine responding (expressed as an elevation from pre-CS levels; CS -pre CS) is shown for the groups given extinction or not and tested immediately following the extinction phase or after a 21 day delay ( Figure 13A vs. B) . The This document is copyrighted by the American Psychological Association or one of its allied publishers.
implied means calculated from the statistical analysis is shown in the bottom row of graphs ( Figure 13C and D) . The important finding from this experiment is that when tested a day after the extinction phase, extinguished animals showed lower levels of CS elicited magazine responses, especially during the early portions of the CS, compared to the nonextinguished animals. However, when tested after a delay extinguished and nonextinguished animals responded similarly. In other words, spontaneous recovery was observed with this magazine response measure of conditioning. In this experiment, there were no sex differences in this measure as well, so the data have been collapsed across this factor.
The data were statistically evaluated by performing betweenGroup ANOVAs at each level of the interval factor based on a common error estimate (MSE ϭ 2.741) with Satterthwaite's degrees of freedom correction, as well as by conducting a test for an Interval main effect. This analysis revealed significant betweengroups differences at Interval 1, F(3, 232) ϭ 9.92, ⌬ ϭ 26.5, Interval 2, F(3, 232) ϭ 2.44, ⌬ ϭ 4.3, and Interval 4, F(3, 232) ϭ 1.87, ⌬ ϭ 2.6. In addition, the Interval main effect was significant, F(4, 240) ϭ 102.03, MSE ϭ 1.995, ⌬ ϭ 400.7. Subsequent Rodgerian post hoc tests confirmed that the true population means implied by statistical analysis indicated clear differences between extinguished and nonextinguished groups tested immediately after extinction, but no appreciable differences in groups tested after a delay. An examination of pre-CS magazine responding revealed no significant differences among the 4 groups, F(3, 60) ϭ 1.88, MSE ϭ 5.074, p Ͼ .05. The mean pre-CS magazine response rates for nonextinguished and extinguished groups, respectively, were 6.0 (Ϯ0.52) and 4.2 (Ϯ0.53) for groups tested immediately after extinction and 5.6 (Ϯ0.63) and 5.1 (Ϯ0.57) for groups tested after a delay.
Discussion
The important finding from the present study was that, once again, Pavlovian extinction given after a limited amount of training with the early US, extended CS procedure attenuated sensory-specific PIT, and that this effect did not spontaneously recover over a 3-week retention interval. This result contrasts with conditioned magazine CRs that did spontaneously recover over this delay interval. Therefore, the lack of spontaneous recovery with the sensory-specific PIT measure is not due to a general lack of sensitivity to this interval. Rather, extinction of sensory-specific PIT is more durable and suggests that different associative structures may underlie the two response measures (see also Delamater, 1996) . Furthermore, as in Experiment 2, although extinction attenuated sensory-specific PIT, it did not affect its temporal expression. This suggests that extinction primarily weakens those processes underlying sensory-specific PIT rather than timing processes.
General Discussion
The main findings of the present series of studies were that (a) Pavlovian extinction can undermine or weaken sensory-specific PIT when such extinction is administered after Pavlovian training This article is intended solely for the personal use of the individual user and is not to be disseminated broadly.
with an extended CS procedure, (b) extinction can attenuate sensory-specific PIT in this task when it is given after limited, moderate, or extensive amounts of Pavlovian training, and (c) weakened sensory-specific PIT does not spontaneously recover over a 3-week interval even though magazine CRs do recover over such a delay. These results have a number of implications for future work and these will be discussed below. The present studies were motivated by an interest in determining whether a Pavlovian extinction treatment could be shown to impair sensory-specific PIT when that treatment was administered after a relatively limited amount of Pavlovian training and when Pavlovian training consisted of administering the US early within the CS but extending the CS beyond the point of US delivery. These parameters are of interest because both have been suggested to lead to a relatively "weak" associative memory. Assuming that associative strength increases over training (but see Gottlieb, 2008; Gottlieb & Rescorla, 2010) , one would expect that 64 CS-US pairings would promote stronger associative encoding than 16 or 8 CS-US pairings. In addition, extending the CS beyond the point at which the US is delivered may be thought to degrade control by excitatory associative strength because post US processing of the CS could very well engage inhibitory mechanisms on each conditioning trial that interfere with either excitatory learning itself or its expression. These ideas have been formalized (see Ayres et al., 1987; Konorski, 1948; Wagner, 1981) and empirical results have generally supported the finding of weaker excitatory control (Ayres & Albert, 1990; Ayres et al., 1987; McNish et al., 1997) .
We were interested in assessing the effects of extinction upon relatively weak outcome-specific CS-US associations because such stimuli might be especially vulnerable to extinction. This follows from Dudai and his colleague's suggestion that different retrieval mechanisms may be engaged when extinction occurs with a weak versus strong associative memory (Bahar et al., 2004; Eisenberg et al., 2003) . The idea may receive some support from the present observations together with those of Delamater (1996) . He showed little to no effects of extinction on specific CS-US associations using the sorts of PIT procedures employed here when such extinction occurred after fairly extensive amounts of Pavlovian training in procedures (delay conditioning and where the US was presented randomly in time within the CS) that would be expected to encourage the establishment of relatively strong CS-US associations. Although it is difficult to compare those studies with the present ones, because they differed in many ways, when taken together with our current results the idea gains some support. However, it should be noted that the results of Experiment 2 are not entirely consistent with the suggestion. Especially problematic is our finding that CSs given 64 training trials remained sensitive to extinction. We suggested above that this may be because the extended CS procedure itself could result in somewhat impaired associative learning. Thus, in spite of the fact that the stimuli in this group received a fairly extensive amount of training, the fact that the training procedure itself is not conducive to "strong" associative learning could help explain the finding.
This line of thinking, however, leaves unanswered the question of the nature of the associative mechanisms that may be responsible for producing sensitivity or insensitivity to extinction. Dudai and his colleagues suggested that the retrieval of "extinction" or "acquisition" memories could be affected by this memory strength Figure 12 . Implied population means for the data from Experiment 3 and depicted in Figure 11 . These statistically implied means in units and each group's noncentrality parameter estimate (⌬) are displayed as in Figure 9 . This document is copyrighted by the American Psychological Association or one of its allied publishers.
variable. Specifically, they suggested that a well-trained stimulus strongly activates the CS-US associative memory during an extinction trial, and that this, in turn, promotes reconsolidation of the acquisition memory. In contrast, nonreinforcement of relatively weak stimuli is assumed to promote consolidation of new extinction learning more so than they would promote the reconsolidation of old acquisition memories. This would result in stimulus control by relatively weak stimuli that was based more on new extinction learning than on original learning, while stronger stimuli would be more likely controlled by original acquisition learning than by new extinction learning. Without additional formal rules specifying when these differential retrieval effects occur, however, such ideas must remain highly speculative. An alternative perspective to extinction emphasizes the sorts of processes discussed by popular associative models, such as the Rescorla-Wagner model (Rescorla & Wagner, 1972) . The omission of an expected event would result in an associative decrement on that extinction trial. According to this approach it should not particularly matter where on the associative strength scale the stimulus is at the time of extinction-decrements should result in all cases. However, the magnitude of the decrement will be greater in more strongly conditioned stimuli than in less strongly conditioned stimuli. On the other hand, stronger stimuli would be closer to their associative asymptote than weaker stimuli, and, so, for an effect of associative strength on sensitivity to extinction to be observed it would need to be assumed that such decremental effects are more easily detected when an associative decrement occurs from a point lower on the associative scale than from a point much higher up on that scale. This strikes us as a plausible state of affairs.
Regardless of the specific behavioral mechanisms underlying our effects we think the empirical observation that we can consistently observe extinction to weaken sensory-specific PIT is highly novel. Furthermore, our findings that weakened sensory-specific PIT remains durable in spite of the fact that another aspect of conditioned responding displays spontaneous recovery is also novel and theoretically meaningful. That magazine entry CRs spontaneously recovered over a 3-week postextinction interval, but degraded specific PIT did not, means that there are likely different mechanisms involved in these two performance measures. We have argued elsewhere (e.g., Delamater, 2012b ) that sensoryspecific PIT strongly points to control by highly specific associations between the CS and the sensory aspects of the US, but that the CS may concurrently enter into associations with other aspects of the US (see also Delamater & Oakeshott, 2007; Konorski, 1948; Wagner & Brandon, 1989) . Perhaps magazine approach CRs reflects an association with some other nonsensory aspect of the US (e.g., the unconditioned response or its more general motivational aspects), and perhaps those associations weakened by extinction are subject to spontaneous recovery over a 3-week interval whereas sensory-specific CS-US associations are not. Such a conclusion would make sense of the dissociation we report in Experiment 3 here. Delamater (1996) and Delamater and Holland (2008) also reached the same conclusion that different associative pro- This article is intended solely for the personal use of the individual user and is not to be disseminated broadly.
cesses very likely are reflected in specific PIT and magazine approach measures. The important general conclusion, though, is that there may be multiple associative "pathways" each with its own set of rules or, at the very least, sensitivities to extinction that should be considered when attempting to understand the totality of extinction learning. This same conclusion may apply to another aspect of our results. We consistently found in Experiments 2 and 3 that sensoryspecific PIT was most obviously observed within the CS at the expected time of US delivery (see also Delamater & Holland, 2008; . In nonextinguished animals, for instance, the stimuli selectively energized the instrumental response with which they shared an outcome. However, that effect was most pronounced early in the CS around the time the US had actually occurred during training. Extinction reduced the magnitude of this outcome-specific PIT effect and the temporal extent of its generalization, but it did so in these experiments by sparing some enhanced responding early in the CS at the expected US time (see Figures 6, 8, 11) . This means that while extinction reduces the magnitude of the sensory-specific PIT effect and its temporal generalization, it does not weaken learning to time the arrival of the US. Here is a case, perhaps, where extinction is shown to weaken specific S-O associations, but not temporally specific learning (see also Ohyama et al., 1999) . This finding is consistent with our general claim that extinction may have different effects on different aspects of learning (see also Delamater, 2012a Delamater, , 2012b Delamater & Oakeshott, 2007) . In this case, the present data highlight the importance of these potentially differing effects of extinction on learning about the reward's sensory and temporal properties.
Two remaining issues are worth some discussion. We have consistently found extinction of sensory-specific PIT effects arising from a somewhat unusual Pavlovian training procedure, where the US occurs early within an extended CS. We may ask whether our effects are unique to this training procedure or are more general. This is a fair question, especially given that Delamater (1996) and Rescorla (1996) failed to find any appreciable effect of extinction on specific CS-US associations in their tasks. We have other data, briefly summarized in Delamater (2012a) , however, showing that extinction effects can also occur in a delay conditioning procedure after limited training. Thus, we have reason to believe that the effects we report here are not unique to the extended CS procedure. It seems possible that any Pavlovian conditioning procedure that results in "compromised" learning, that is, weaker encoding of the association, may be more vulnerable to the effects of extinction. For instance, limited delay conditioning, trace conditioning or contingency degradation procedures are commonly thought to result in weaker learning than more extensive delay or nondegraded contingency procedures. Aside from research that has examined the partial reinforcement extinction effect, though, it is noteworthy that much of the more recent work on extinction ignores the possibility that stimuli may differ in their vulnerabilities to extinction. The present results suggest that future research would profit by paying more attention to this issue.
We may ask whether the extinction effects we observed here reflect a true associative weakening or a retrieval failure. This issue is always difficult to determine. It is our view that extinction undoubtedly results in new learning but that it very likely results in partial unlearning as well (see also Mauk & Ohyama, 2004) .
However, the latter claim will always be difficult to establish for the simple reason that a failure to observe response recovery can always be understood as a stronger failure to retrieve the original association. Our spontaneous recovery results, to some degree, argue against the plausibility of this type of argument because we did observe spontaneous recovery with one response measure but not with sensory-specific PIT. Nonetheless, we cannot rule this retrieval account out. Ultimately, an answer to this question may require another experimental approach altogether, such as, for instance, a clearer identification of the neural mechanisms involved in acquisition and extinction. If it can be shown that extinction results in the partial elimination of the original neural plasticity, then this would be the sort of evidence that could bear on this question. There are some promising neurobiological findings pointing to this conclusion (e.g., Cavallo, Hamilton, & Farley, 2014a , 2014b Hong et al., 2011; Lai, Franke, & Gan, 2012) , but this issue will likely remain a controversial one as our developing view of "learning" entails changes in network, synaptic, and intracellular processes (e.g., Miller, Campbell, & Sweatt, 2008; Lattal & Wood, 2013; Tonegawa et al., 2015) and this complicates analyses in terms of an underlying dichotomous encoding versus retrieval effect.
Finally, we may note that while extinction eliminated specific PIT in Experiment 1 it only weakened it in Experiments 2 and 3. It is noteworthy that Experiment 1 was run several years earlier than Experiments 2 and 3 and also used lever and chain response manipulanda rather than two levers. Either of these factors could help explain the observed difference. Another potential concern is that the present studies employed a between-groups strategy to assess the effects of extinction. Delamater (1996) used both between-and within-group methods to assess extinction effects and found results highly consistent with one another. Within-group designs have an advantage in showing that extinction effects can be cue-specific, whereas the between-groups design we employed merely shows that our extinction treatment attenuates cue-specific effects on behavior. However, in the present context, we favored a between-groups procedure because it more completely eliminates extraneous sources of error variability that could generally contaminate PIT data. In particular, pellet and liquid sucrose rewards, in our lab, support fairly large differences in instrumental responding. In addition, individual differences in control by auditory and visual stimuli or preferences for one or another lever can also contribute additional sources of error variability. All of these sources of error variability can virtually be eliminated by the methods we adopted because our primary measures of interest ("same" vs. "different" responding) combined data across both stimuli, response types, and paired outcomes. We expect similar results would occur in an appropriate within-group experimental design to demonstrate cue-specific extinction effects, but that remains to be determined.
In summary, we report data from three experiments in which sensory-specific PIT controlled by stimuli trained using an early US, extended CS procedure was consistently undermined or weakened by extinction. This effect was obtained when extinction was given following a limited, moderate, or extensive amount of Pavlovian training, suggesting that aspects of the early US, extended CS procedure may be important in determining the CS's vulnerability to extinction. Further, the extinction effects we report here were durable and survived a 3-week interval even though another This document is copyrighted by the American Psychological Association or one of its allied publishers.
measure of learning, magazine approach CRs, displayed spontaneous recovery over this interval. Furthermore, the temporal specificity of sensory-specific PIT was often spared by extinction. Overall, we suggest that different aspects of learning may be differentially affected by extinction and that stimuli given certain training procedures may be especially sensitive to the extinction of sensory-specific PIT.
